while their relationship with respect to the processing factors was tested for a number of 31 models, i.e., second order polynomial, different types of Ratkowsky-type model, and an 32 Arrhenius-type model. The non-monotonic behaviour of NEB has been described more 33 accurately by the use of a polynomial model. The rate constants of AA were described by 34 a similar type of model having a monotonic behaviour. A synergistic effect of 35 temperature for different amplitudes on the rate constant of both NEB and AA was 36 observed, while an antagonistic effect of amplitude on the rate of NEB was evident. The 37 models with the best fit were integrated to produce contour plots for the combined 38 amplitude and temperature. The constructed contour plots illustrate that low temperatures 39 and intermediate amplitudes, i.e., 42.7 µm, result in lower NEB and AA deterioration and 40 consequently better quality orange juice. The overall developed modeling approaches 41 exploit quality data in order to identify the optimal processing regions for eliminating 42 quality deterioration of orange juice during ultrasound processing which is of high 43 importance to the food industry. 44
Introduction 55
The use of ultrasound within the food industry has been a subject of research and 56 development for many years with applications in both food analysis (diagnostic 57 ultrasound) and food processing (power ultrasound). Power ultrasound has been 58 recognized as a promising processing technology to replace or complement conventional 59 thermal treatment in the food industry. When high power ultrasound propagates in a 60 liquid, cavitation bubbles are generated due to pressure changes. These micro bubbles 61 collapse violently in the succeeding compression cycles of a propagated sonic wave 62 resulting in localised high temperatures up to 5000 K, pressures up to 50,000 kPa, and 63 high shearing effects (Suslick, 1988) . Consequently, the intense local energy and high 64 pressure bring a localised pasteurisation effect. Advantages of sonication include reduced 65 processing time, higher throughput and lower energy consumption while reducing 66 thermal effects (Zenker et (NEB) significantly influences the commercial value of citrus products, as it is the first 94 visible quality defect to be detected during ambient temperature storage. In citrus juices, 95 NEB may result from reactions of sugars, amino acids and ascorbic acid. 96
Kinetic models can be used for objective, fast and economic assessments of food quality. 97
Kinetic modeling may also be employed to predict the influence of processing on critical 98 quality parameters. The objective of this study was to develop integrated deterministic 99 modeling approaches of both quality indices, i.e., AA and NEB, to identify the optimal 100 processing conditions for producing orange juice with minimal quality deterioration. 101 Therefore, the kinetics of the quality indices of NEB and AA are described quantitatively 102 in order to evaluate the combined effect of the extrinsic parameters of amplitude and 103 temperature on them. The developed deterministic modeling approaches of both quality 104 indices are integrated in order to identify the optimal conditions for producing an orange 105 juice with minimal quality deterioration. 
Model development 160 161
The rate constants for NEB and AA were estimated by a primary model describing the 162 evolution of the concentration of a component, i.e., NEB and AA, with respect to the 163 time. A zero order and a first order model were employed for this purpose: 164 
When Eq. (6) is compared with Eq. (5) it can be observed that the second factor of the 196 right hand side of the equation has been adjusted such as to evaluate a quadratic effect of 197 amplitude changes on the rate constants. 198
In case of the kinetics of NEB the following equation has also been employed: 199
Where α i are the coefficents of determination for these models. Observe that Eq. Among all the secondary models tested, the polynomial model (Eq. (3)) gave the best 247 regression performance for describing the non-monotonic behaviour of the effect of 248 amplitude on the NEB constants (Fig. 2) . All its parameters appeared to be significant 249 (P<0.05) ( Table 1) . 250
The lower P-values (so the more 'significant' the results) were obtained for the 251 coefficient of β 4 (P=0) (quadratic effect of Amplitude) and β 2 (P=1.08x10 -26 ) (linear 252 effect of temperature) indicating that for the same temperature levels the NEB rate 253 constants were highly dependent on the amplitude levels followed by the temperature 254 levels. Interactive effects gave higher P values (1.36x10 -6 ). The NEB rate significantly 255 increased with processing temperature while at intermediate ultrasound amplitudes 256 appeared to have lower values indicating an antagonistic effect of amplitude on the rate 257 of NEB. More specifically, at amplitude levels of the range of 42.7 µm, the NEB rate 258 appeared to be lower than at higher or lower amplitude levels for the same temperatures. 259
The observed monotonic increase of the NEB rate with respect to temperature has also 260 been reported for the browning kinetics of apple juice and apple cider 
Contour design 308
An analysis of amplitude and temperature diagrams was performed based on the best 309 fitted mathematical expressions (see previous Sections). Iso-rate contour plots integrating 310 NEB and AA information were developed (Fig. 4) . The constructed contour plots 311 illustrate that low temperatures and intermediate amplitudes, i.e., 42.7 µm, result in lower 312 NEB and AA deterioration and consequently better quality of orange juice. Non 313 enzymatic browning effects appear to be more sensitive to ultrasound processing than 314 ascorbic acid degradation (Fig. 4) . Based on the obtained contour plots is suggested that 315 NEB could be more appropriate to determine the intensity of an ultrasound processing 316 during commercial applications. This is in line with the fact that browning reactions of 317 ascorbic acid are among the browning indexes while measuring the overall NEB effects. 318
Nevertheless the importance of using the ascorbic acid as a quality and shelf life indicator 319 of orange juice in the juice processing is evident and will have to be considered for 320 performing additional shelf life studies. 321 322 323
Conclusion and future work 324
The modeling approaches developed in this study exploit data in order to identify the 325 optimal processing regions for eliminating quality deterioration of orange juice during 326 behaviour of NEB has been described more accurately by the use of a polynomial model. 328
The rate constants of AA were described by a similar type of model having a monotonic 329 behaviour. A synergistic effect of temperature for different amplitudes on the rate 330 constant of both NEB and AA was observed, while an antagonistic effect of amplitude on 331 the rate of NEB was evident. Ultrasound was found to have more drastic effect on NEB 332 than AA degradation of orange juice. 333
The implemented modelling approaches could be further developed for incorporating a 334 prior knowledge of the kinetic process during the parameter estimation as this approach 
